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We have investigated the behavior of the PfaZro.94Tio.06O3 Raman spectra as a function of 
hydrostatic pressures. The new structural phases were identified based on previous works per- 
formed in PZT system with different Ti concentrations at room- and high pressures. We showed 
that PbZro.94.Tio.oeO3 exhibits a rich phase sequence up to 3.7 GPa: rhombohedral(LT) 0,3 ii. Pa 
£SJ ' orthorhombic(I) 2,9 5. Pa orthorhombic(I'). This sequence is different from that exhibited by 

PbZro.90Tio.10O3 suggesting a very interesting concentration-pressure phase diagram for rich Zr 
PZT system. 
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I. INTRODUCTION 



Lead zirconate titanate (PZT) is a solid solution of lead zirconate and lead titanate with molecular formula 
Pb{Zri_ x Ti x )0^, known by their excellent pyroelectric, piezoelectric ferroelectric and properties. At room tem- 
perature, a variety of PZT forms (thin films, ceramics and single crystalsVwith different Ti concentrations have been 
widely studied by many experimental methods such as X-ray scattering , neutron diffraction J3| , dielectric and 
pyroelectric measurements and Raman spectroscopy ||-[l^] ■ 

Previous works have shown that PZT has several structures at room temperature depending on the x value. Among 
these structures PZT appears as tetragonal (C\ v ), orthorhombic (C§„) and rhombohedral {C\ v and C|„) symmetries. 
00 ' At high temperatures the material also presents a cubic symmetry, belonging to 0\ space group. 
(T) \ For PZT with x < 0.05 the structure at room temperature is orthorhombic (Cfu)- Increasing the temperature it 
undergoes two phase transitions: antiferroelectric orthorhombic — > high temperature ferroelectric rhombohedral — » 
paraelectric cubic. For Ti concentrations 0.05 < x < 0.48 the material, at room temperature, has a rhombohedral 
symmetry and can present two phases: (a) low temperature ferroelectric rhombohedral phase, Fr(LT), 0.05 < x < 
0.37; (b) high temperature ferroelectric rhombohedral, Fr(HT), 0.37 < x < 0.48. Increasing the temperature and 
starting from T = 300-fT into Fr(LT) phase, it is observed a phase transition to Fr(HT) and a second phase 
transition to a paraelectric cubic phase. By other side, if x > 0.48 the PZT room temperature phase has tetragonal 
symmetry and increasing the temperature a phase transition to a paraelectric cubic phase is observed. A complete 
■ temperature-concentration diagram is given in Ref. 13. 

In order to construct the concentration-temperature-pressure diagram for PZT, some investigations have been 
reported. Bauerle et. al. JTJ] have studied PbTiQ. w Zr .$ O?, by Raman spectroscopy with pressures up to 6.85 GPa. 
They showed that the material undergoes a phase transition at 0.57 GPa from the initial room temperature-room 
pressure (Fr(LT)) to a high-temperature rhombohedral phase. Between 0.8 and 0.91 GPa, PbTio.10Zro.goO3 goes 
to the orthorhombic antiferroelectric phase and between 3.97 and 4.2 GPa a new phase is reached, with a symmetry 
higher than that of the antiferroelectric phase. 



■ In recent high-pressure works, Furuta et. al. showed by X-ray |15| and Raman ]16| measurements that PbZrO^ 
polycrystalline fine-powder sample undergoes two phase transitions up to 30 GPa: from the antiferroelectric phase to 
an orthorhombic phase I' at 2.3 GPa and from an orthorhombic phase I' to an orthorhombic phase I" at 17.5 GPa. 

The purpose of the present work is to present an investigation of the PbZro.g4Tio.06O3 by high-pressure Raman 
spectroscopy, in the pressure range between 0.0 and 3.7 GPa. The results presented in this work yield new informations 
about the PZT pressure-concentration diagram and indicate that the sequence of pressure induced phase transitions 
in PbZro.g4Tio.oQO3 is very different from those of PbZro.goTio.10O3, although the initial (atmospheric) phase are 
the same for both materials. 
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II. EXPERIMENTAL 



The samples were prepared by the usual ceramic technique from 99.9 % pure reagent grade PbO, ZrOi and T1O2 
oxides. Pb(Zri- x Ti x )Oz powder at 0.86 < x < 0.98 mol % were prepared. A mixture of the starting powders and 
distilled water was milled in a ball mill during 3.5 hours for homogenization. The mixture was calcined at 850 °C 
for 2.5 h. The fine powder obtained was pressed into disks of 20 mm diameter and 3 mm thickness at 4,9 x 10 5 
Pa. Finally, the disks were fired in covered alumina crucibles at a sintering temperature of 1250 °C for 4 h. The 
atmosphere was enriched in PbO vapor using PbZrO^ powder around the disks to prevent significant volatilization of 
PbO. PZT samples were microstructurally characterized by X-ray diffraction, using a PJGAKU difractometer, model 
DMAXB, with a CuKa radiation (40 KV and 25 mA). Measurements were performed on the PZT powder using step 
mode (0.01 degrees/step) with 5 seconds for counting time per step in the range of 15 to 60 degrees. 

Small pieces of samples with thickness of 100 /im were cut under a microscope to load the pressure cell. The 
pressure cell was a diamond anvil cell (DAC) with 4:1 methanol-ethanol as pressure-transmitting fluid. The pressure 
was measured by the frequency shift of the ruby luminescence lines. Excitation with 514.5 nm radiation from an 
argon ion laser working at 10 mW was employed. Backscattering configuration was the chosen geometry of this work. 
Raman spectra were obtained at room temperature by a Jobin Yvon Triplemate 64000 spectrometer equipped with 
A 2 -cooled charge-coupled device (CCD) detection system. The slits were set for a 2 cm" 1 spectral resolution and a 
microscope lenses with / = 20, 5 mm was used to focus the laser on the sample. 



III. RESULTS AND DISCUSSION 



The PZT samples used in our experiments had Ti concentrations of 6 %. At room temperature the structure has 
a rhombohcdral (low temperature) symmetry, as observed by X-ray diffraction. In Fig. 1 we show Raman spectra 
of PZT taken at various pressures in the frequency range 25 to 200 cm -1 . This frequency region covers mainly the 
lattice modes of the material. The room pressure (0.0 GPa) spectrum, typical of the rhombohcdral phase, displays 
three bands for frequencies lower than 200 cm" 1 at 52, 61 and 128 cm" 1 . Fig. 2 shows Raman spectra of PZT taken 
at different pressures in the frequency range 150 - 750 cm" 1 . In this spectral region it is expected to be observed 
some internal modes of certain groups of the material. In the 0.0 GPa spectrum it is observed bands at 207, 241 
(Zr-0 bending), 282 and 328 (ZrO^ torsions), 535 (Zr-0 stretching) and 670 cm" 1 . The assignments of these bands 
were made based on the works in PbZrOs single crystals JItJ . 

Increasing the pressure the Raman spectra remain qualitatively the same of the room temperature pressure up to 
0.3 GPa. This means that the rhombohedral phase is stable up to that pressure. However, in the spectrum taken 
at0.3 GPa, completely different bands are observed. Fig. 1 shows that in thc0.3GPa spectrum, new bands appear 
at 36, 45 and 56 cm" 1 . At the same time a band with frequency of 61 cm" 1 in the 0.26 GPa spectrum disappears. 
Fig. 2 also shows drastic changes in the Raman spectra between 0.26 and 0.3 GPa. The 207 cm" 1 band grows in 
intensity; the 241 cm" 1 jumps to lower frequency (235 cm" 1 ) and decreases in intensity; the 328 cm" 1 band decreases 
in intensity and a new band, at 346 cm" 1 , appears. The discontinuities both in the number of bands and in the band 
frequencies and the changes in the band's intensities point to a phase transition from the rhombohedral structure to 
a different one. In Fig. 3 we present the frequencies of all bands observed in our PZT Raman spetra as a function of 
the pressure in the range 0.0 to 3.7 GPa, where the discontinuites outlined above can be clearly seen. We remember 
that for P6Zro.9Tio.1O3, this material undergoes three different phase transitions from a Fr(LT) to a rhombohedral 
phase, Fr(HT), from that to an orthorhombic phase and, finally, to a phase of high symmetry [041. 

It should be observed that the initial phase of the material studied in this work is the same of PbZro.goTio.10O3. 
However, are the sequence of phase transition in PbZro.90Tio.10O3 and PbZro.94Tio.06O3 the same? In order to 
determine the sequence of phase transitions of PbZro.94Tio.06O3 one has to search the various phases presented 
by the material. Let us now try to provide the correct structure of the new phase observed in the PZT for P > 0.3 
GPa. The standard process would be to perform X-ray measurements simultaneously with our Raman measurements. 
However, our experimental setup does not allow us to do X-ray measurements at high-pressure. Another possibility 
it is to compare the Raman spectra taken in the new phase with the Raman spectra of PbZr\- x Ti x 03 with different 
Ti concentrations, but with well-known phases. 
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FIG. 2. Raman spectra of PbZro.94Tio.oeO3 at various pressures in the high frequency region. 



We performed a series of both Raman and X-ray measurements in PbZri- x Ti x O-$ with different Ti concentrations 
at room temperature and atmospheric pressure. The Raman spectra of Fig. 1 and Fig. 2 obtained at pressure P=0.3 
GPa (the new phase) is the same that we observed for Ti concentrations of 0.02 and 0.04; in those cases X-ray 
diffraction showed that at room temperature, the phase of the material is orthorhombic, as pointed by other works in 
the literature. Also, the Raman spectrum is the same reported to PbZrO^ single crystal that belongs to orthorhombic 
structure |p^| . We can conclude that the new phase presented by P6Zro.94Tio.06O3 is an orthorhombic one and the 
first phase transitions we are observing is from a rhombohcdral Fr(LT) to an orthorhombic phase. 

Fig. 3 shows that this new phase is stable over a large range of pressure; in the figure the two dashed lines limit 
the orthorhombic phase region from 0.3 to 2.7 GPa. Some features of the orthorhombic phase Raman spectra, as a 
function of pressure, can be described as follows: (a) the frequencies of bands change only slightly; (b) the band at 
36 and 50 cmT 1 decrease slowly in intensity up to 2.7 GPa; (c) the band at 70 cm' 1 increases slowly in intensity as 
pressure is increased. 
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FIG. 3. Pressure dependence of the Raman bands of PbZro.g4Tio.oeO3 at room temperature. The dahsed lines represent the 
phase transition pressures 

However, for pressures higher than 2.9 GPa, different Raman spectra are observed. Particularly clear is the 
disappearing of both a band in the lattice region of spectra (Fig. 1) and two bands marked by squares in Fig. 2. Fig. 
3 also shows these discontinuities in the frequency of Raman bands. For frequencies lower than 150 cto -1 six bands 
are observed in the spectra for pressure ranging from 0.3 to 2.7 GPa. For pressures higher than 2.7 GPa just five 
bands are observed. The band whose intensity goes to zero for P > 2.7 GPa was found in the 0.3 GPa spectrum at 
56 cm -1 . As pressure increases, its frequency increases and its intensity decreases. This intensity decreasing is slow, 
associated with the continuous change from the intermediate structure to the structure of higher pressure (P > 2.7 
GPa). 

The Raman spectra for frequencies higher than 100 cm -1 at 3.3 GPa can all be identified on the basis of previous 
work performed on PbZrO^ |16| . If we compare the Raman spectrum at 3.3 GPa in Fig. 3, we observe that it is similar 
to the spectrum of PbZrOj, at 2.3 GPa. At this pressure PbZrO^ belongs to an orthorhombic phase(I') |l6| , different 
from the original orthorhombic phase(I), where dielectric hysteresis measurements show to be an antiferroelectric 
phase p"5[ ] . This indicates that in PbZro.94Tio.06O3, there is a phase transition from an orthorhombic phase(I) to an 
orthorhombic phase(I') at about 2.9 GPa. 

In summary, the results Raman measurements presented here have showed that PbZro.94Tio.06O3 undergoes two 
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different phase transitions up to 3.7 GPa: rhombohedral(LT) ' — > ° orthorhombic(I) ' — > ° orthorhombic(I'). 
These results point to the richness of concentration-pressure phase diagram because the sequence of phase transitions 
observed are very different from the P6Zro.90Tio.10O3 Q and PbZrOy, ||l6|| . 
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